Prions derived from the prion protein (PrP) were first characterized as infectious agents that transmit pathology between individuals. However, the majority of cases of neurodegeneration caused by PrP prions occur sporadically. Proteins that self-assemble as cross-beta sheet amyloids are a defining pathological feature of infectious prion disorders and all major age-associated neurodegenerative diseases. In fact, multiple non-infectious proteins exhibit properties of template-driven self-assembly that are strikingly similar to PrP. Evidence suggests that like PrP, many proteins form aggregates that propagate between cells and convert cognate monomer into ordered assemblies. We now recognize that numerous proteins assemble into macromolecular complexes as part of normal physiology, some of which are self-amplifying. This review highlights similarities among infectious and non-infectious neurodegenerative diseases associated with prions, emphasizing the normal and pathogenic roles of higher-order protein assemblies. We propose that studies of the structural and cellular biology of pathological versus physiological aggregates will be mutually informative.
Introduction
Adult-onset neurodegenerative diseases feature the accumulation of aggregated proteins in a variety of forms: neurofibrillary tangles, extracellular plaques, Lewy bodies, neuronal intranuclear inclusions, Hirano bodies, etc. With some rare exceptions (e.g., polyglutamine diseases like Huntington's), such disorders are sporadic, arising from the aggregation of wild-type protein, or genetic, caused by dominantly inherited mutations. In genetic cases, causal mutations arise in the very same proteins that accumulate in aggregates, or are in proteins directly linked to them (e.g., presenilins in Alzheimer's disease [AD] ). Transmissible spongiform encephalopathies (TSEs), which are neurodegenerative diseases that can be passed between individuals, also feature the accumulation of protein amyloids. TSEs have held the attention of the scientific community for decades and continue to teach us about the pathogenesis of more common disorders. Carleton Gajdusek initially attributed the cause of Kuru, a TSE transmitted by ritual cannibalism among the Fore people in the New Guinea highlands, to a novel type of ''slow virus'' (Gajdusek et al., 1966) . Stanley Prusiner ultimately determined that an infectious protein assembly causes this disease and other TSEs (Prusiner, 1998) . He coined the word ''prion'' to describe this novel ''proteinaceous infectious particle'' (Prusiner, 1982) and termed the normal cellular form the ''prion protein'' (PrP) (Bolton et al., 1982) . PrP has distinct native (cellular) and pathological (prion) structures (Pan et al., 1993) . In their infectious conformation, PrP prions form self-amplifying beta-sheetrich amyloids that ''seed'' additional monomer to replicate. The idea of a life form that lacks nucleic acid and yet can somehow trigger predictable pathology via infection remains revolutionary.
Nonetheless, while TSEs caused by PrP prions occur with an incidence of approximately 1 per 10 6 annually, virtually none of these cases is due to known infection (Wadsworth et al., 2003) . Consequently, despite very rare cases of human-human transmission (mostly in the remote past, due to contaminated tissue grafts or surgical instruments, pituitary growth hormone extracts, tainted meat products, or cannibalism), human prion disease today is not typically an infectious disorder and thus more closely resembles other common neurodegenerative diseases. In recent years, beginning with studies of amyloid beta (MeyerLuehmann et al., 2006; Petkova et al., 2005) , a-synuclein (Desplats et al., 2009; Kordower et al., 2008; Li et al., 2008; Luk et al., 2009) , and tau (Clavaguera et al., 2009; Frost et al., 2009a Frost et al., , 2009b , it has become clear that many amyloid-forming proteins exhibit essential properties of prions. In diverse inoculation paradigms, fibrillar assemblies induce unique pathologies depending on the biochemical characteristics of the initiating seed (Clavaguera et al., 2013; Heilbronner et al., 2013; MeyerLuehmann et al., 2006; Sanders et al., 2014) . Tau in particular clearly transmits unique amyloid structures that produce predictable pathology, whether in transmission from mother to daughter cells or from one animal to another via serial inoculation (Sanders et al., 2014) . Thus, in almost every respect these pathogenic proteins have properties that replicate what is known to be true for PrP prions, except for inter-organism transmission of pathology, i.e., ''infection.'' While some maintain that infection is the sine qua non for a true prion (Aguzzi and Rajendran, 2009; Brettschneider et al., 2015) , we and others suggest that this property is not essential (Sanders et al., 2014; Walker and Jucker, 2015; Watts et al., 2013 ). As we consider myriad prion phenomena associated with mammalian proteins, we propose that the term ''prion'' and the biology of prions be considered beyond the fascinating and terrifying idea of the PrP prion as an infectious agent. Instead, we define a prion as a protein assembly that communicates information stably via templatebased amplification of a specific conformation.
The focus on prions as infectious particles has obscured a role for protein aggregates generally, and protein amyloids specifically, as stable carriers of information. Indeed, the ability of prions to faithfully transmit pathological information, producing distinct clinical and neuropathological phenotypes (an effect now linked to conformationally distinct ''strains'') was initially used to argue that they must be viruses. Viruses encode within a genome the keys to their own pathological presentation: replication, host response, and cell-cell transmission. Prions similarly encipher these responses entirely within the structure of a simple protein assembly (Collinge and Clarke, 2007; Toyama and Weissman, 2011) . In fact, longstanding studies of yeast (Alberti et al., 2009; Halfmann et al., 2012; True and Lindquist, 2000; True et al., 2004; Wickner, 1994) , and more recent investigations in mammalian systems Wu, 2013) , suggest that self-replicating protein assemblies regulate diverse physiological processes that require catastrophic ''all-or-none'' responses. However, whether or not many of these proteins meet exactly the same criteria of a prion as defined above requires further investigation.
Fundamental experiments in cultured cells and animal models are consistent with trans-cellular propagation of protein aggregation as a mechanism for how self-amplification of amyloids, coupled with neural circuitry, could produce different neurodegenerative syndromes. This model predicts initial aggregation in a single cell or group of cells, but the precise events that nucleate an aggregate are unknown. Potential triggers could include spontaneous aggregation as a consequence of misfolding (Ross and Poirier, 2004) , environmental exposure to toxins (Dauer and Przedborski, 2003) , trauma (McKee et al., 2014) , post-translational modifications (Alonso et al., 2008; Beyer and Ariza, 2013) , liquid-to-solid phase transitions Molliex et al., 2015; Murakami et al., 2015; Patel et al., 2015; Zhang et al., 2015) , or genetic mosaicism in post-mitotic neurons (e.g., copy number variation that increases steady-state levels past a critical threshold, or point mutations that predispose proteins to adopt a prion form) (Bushman et al., 2015; Frigerio et al., 2015) . Presumably, a prion seed must encounter another appropriately presented cognate monomer to amplify its structure. This has generally been assumed to proceed by mass action, as it occurs in vitro, i.e., by a collision between an aggregate nucleus and monomer. This seems unlikely to occur efficiently within a cell, however, where most potential interactions will be with heterologous proteins.
In this light, mammalian cells have an amazing ability to faithfully reproduce and propagate pathological PrP prion structures from a proteopathic seed (Legname et al., 2006) . This replication process requires considerable effort by investigators to accomplish efficiently in vitro (Deleault et al., 2007; Saborio et al., 2001) , which suggests the existence of a cellular prion replication machinery. While seemingly absurd (after all, why would a healthy neuron participate in its own destruction?), this is in fact in keeping with most human diseases, which almost always result from perturbation of an underlying physiological process, e.g., dysregulated cell growth in cancer or glucose metabolism in diabetes. Cells undoubtedly have evolved mechanisms to degrade amyloid structures. For example, in inducible mouse models, pre-existing amyloids will disappear once further protein production is stopped (Mallucci et al., 2007; Polydoro et al., 2013; Yamamoto et al., 2000) . Finally, following amplification the seed must escape to enter a new cell and propagate an aggregated state throughout the nervous system using physiologic cell uptake mechanisms (Holmes and Diamond, 2012) . This review will highlight our current knowledge about intracellular pathogenic amyloids such as tau and a-synuclein across multiple aspects of prion biology. We will also emphasize the importance of functional amyloids and other higher-order nonamyloid assemblies that are increasingly recognized to play a role in eukaryotic signaling Wu, 2013) and which could conceivably carry and transmit information via conformationally distinct protein templates.
Cellular Mechanisms of Prion Propagation
Trans-cellular propagation of prions requires specific events ( Figure 1 ): escape from a neuron, adherence to the plasma membrane of a second cell, endocytosis, conversion of endogenous monomer to a pathogenic conformation, and amplification. Prions presumably escape a cell either by membrane breakdown or via active release into the extracellular space. Recent work has defined how aggregate uptake occurs, while mechanisms involved in intracellular seeding and aggregate release are still unclear (Holmes and Diamond, 2012) . Early studies described ''bulk endocytosis,'' or more specifically macropinocytosis, as the major mode of internalization for tau, a-synuclein, and SOD1 prions (Frost et al., 2009a; Holmes et al., 2013a; Mü nch et al., 2011; Wu et al., 2013) . Macropinocytosis, which accommodates even large protein aggregates, is a form of fluid-phase uptake that produces vesicles ranging from 0.5 to 10 mm in diameter (Holmes et al., 2013a; Mercer and Helenius, 2009) . Macropinocytosis of extracellular aggregates requires heparan sulfate proteoglycans (HSPGs), which bind prions prior to their uptake (Holmes et al., 2013a) . HSPGs are transmembane or glycolipid-anchored core proteins decorated with glycosaminoglycan (GAG) polysaccharides. Defined patterns of GAG sulfation specify interactions with extracellular ligands (Xu and Esko, 2014) . Tau and a-synuclein prions both require HSPGs for binding, internalization, seeding, and trans-cellular propagation in cultured cell lines and primary neurons (Holmes et al., 2013a) . HSPG inhibition also prevents neuronal entry of tau prions in vivo (Holmes et al., 2013a) . Notably, PrP prions require HSPGs for productive infection of cultured cells, and Ab and transthyretin monomer are also internalized via this pathway (Horonchik et al., 2005; Kanekiyo et al., 2011; Sousa and Saraiva, 2001 Gousset et al., 2009) , although additional work is required to confirm the importance of this pathway in vivo.
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After internalization, prions serve as templates to convert monomer into an aggregate (Desplats et al., 2009; Frost et al., 2009a; Luk et al., 2009; Mü nch et al., 2011; Ren et al., 2009 ). Recombinant and AD-derived tau aggregates exhibit precise size requirements for cell surface binding, uptake, and seeding of intracellular protein (Mirbaha et al., 2015) . Upon size fractionation, all tau assemblies, including monomer and dimer, bind cell surface HSPGs. However, only tau trimers and larger assemblies mediate cellular uptake and seeding (Mirbaha et al., 2015) . These findings are consistent with a report that tau trimers are the minimal unit toxic for neuronal cells (Tian et al., 2013) and with molecular modeling studies that hypothesized that tau forms a three-stranded helical fiber based upon trimers (Ruben et al., 1991) . PrP trimers also constitute the minimal apparent unit for infectivity (Bellinger-Kawahara et al., 1988; Govaerts et al., 2004; Wille et al., 2009) , although PrP monomer in a pathogenic conformation may be toxic in certain conditions (Zhou et al., 2012b) . Taken together, it seems likely that trimers are the smallest assemblies that can mediate trans-cellular propagation of the prion state. It is unknown whether smaller assemblies (monomer or dimer) could act as seeds or cause toxicity in certain circumstances. For example, two recent investigations suggested that tau monomer is competent to enter cells and in some cases seed (Falcon et al., 2015; Michel et al., 2014) . However, these studies relied on less stringent methods for tau monomer purification than those reported elsewhere (Mirbaha et al., 2015) , which may have resulted in contamination by tau oligomers.
Prions may also require post-translational processing to become competent seeds. In a cell-based assay to detect seeded aggregation of a-synuclein, fibrils required digestion by cathepsin B to seed productively in cells (Tsujimura et al., 2015) . Genetic or pharmacological inhibition of cathepsin B renders a-synuclein aggregates virtually inert, suggesting that a-synuclein fragments could act as templates, instead of fulllength protein (Tsujimura et al., 2015) . In these studies, a-synuclein prions were delivered directly to the cytosol via transfection reagents, and thus the precise role of cathepsin B remains unknown for physiological uptake and seeding. Multiple studies also support a central role for toxic tau fragments, based on proteolytic processing by cathepsin L, asparagine endopeptidase (AEP), and calpain, as inhibition of these proteases reduces tau phosphorylation, neurofibrillary tangle pathology, and neurodegeneration (Basurto-Islas et al., 2013; Rao et al., 2014; Wang et al., 2009; Zhang et al., 2014) . Notably, AEP generates a tau fragment reminiscent of the tau repeat domain (Wischik et al., 1988) that is prone to fibril formation .
The precise cellular sub-compartment where amplification of tau and a-synuclein prions occurs is unknown, as amyloid seeds enter a cell within the lumen of the macropinosome, whereas cognate monomer is generally localized in the cytosol. Prions may escape macropinosomes by rupturing the vesicular membrane. For example, internalized SOD1 aggregates are initially found in punctate macropinocytic vesicles (Mü nch et al., 2011) . Within 30 min, however, the prions distribute diffusely and acquire polyubiquitin chains, a post-translational modification that occurs only in the cytosol (Mü nch et al., 2011) . Indeed, other macropinosome substrates, such as viruses and the TAT peptide, use this mode of entry into the cytosol (Mercer and Helenius, 2009; Wadia et al., 2008) . Another study implicates the aggresome, a stress-induced perinuclear inclusion body, as the site of seeded aggregation, since tau aggregates induced by exogenous seeds co-localize with the aggresome markers g-tubulin and vimentin (Santa-Maria et al., 2012) . The alternate hypothesis, however, that seeded aggregation occurs within the lumen of a vesicle, has not been ruled out. Both tau and (H) The seed acts as a template for recruitment of monomer to amplify the prion structure. This likely involves a replication machinery that may also be involved in fibril fragmentation to amplify the number of seeds, which then repeat the cycle of propagation to other cells. a-synuclein monomer can enter the endosomal-lysosomal system from the cytosol via chaperone-mediated autophagy (Cuervo and Wong, 2014) . This model has been supported by microscopy studies of a-synuclein (Tsujimura et al., 2015) . Meanwhile, some studies suggest PrP prions convert monomer into their pathogenic form within mutivesicular bodies Yim et al., 2015) . However, simple co-localization studies may not sufficiently define where induced aggregation occurs, since coincidence may just represent sequestration of exogenous and endogenous aggregates to a common site of degradation. Subcellular resolution of initial intracellular seeding will require more quantitative and spatially precise methods.
Prions grow by nucleation of monomer at the ends of amyloid fibril templates (Collins et al., 2004) . At a simplistic level, an amyloid fiber can be conceived as a seed with two ends for growth, and further fragmentation will produce more free ends that greatly amplify the rate at which free monomer converts to the prion state. Moreover, it is possible that smaller seeds could more readily spread the prion state between cells, although this remains to be tested. In budding yeast, the Hsp104 chaperone works as a two-tiered hexameric macromolecular complex that, along with additional chaperones, fragments amyloids into additional seeds in an ATP-dependent manner (Chernoff et al., 1995; Glover and Lindquist, 1998; Lee et al., 2003; Shorter and Lindquist, 2004) . Presumably, this mechanism has evolved to maintain balance between an aggregated and monomeric state (Shorter and Lindquist, 2004) . Until recently, little evidence in metazoans existed for a disaggregase machinery to sever and amplify amyloid fibrils. Pioneering work suggested that a mixture of Hsp70, Hsp40, and Hsp110 may disassemble amorphous aggregates, but not amyloids Rampelt et al., 2012; Shorter, 2011) . A provocative recent paper has further observed that a similar three-chaperone system (Hsc70, DNAJC1, and Hsp110) cooperates to rapidly disaggregate a-synuclein fibrils into smaller seeds and monomer when present at the right stoichiometry . Moreover, another study has demonstrated that the serine protease HTRA1 solubilizes tau amyloids in an ATP-independent manner in vitro (Poepsel et al., 2015) . Conceivably, proteases in lysosomes could create additional seeds. Further work will be required to determine if these processes can generate additional seeding-competent prions in living organisms and whether they are essential for trans-cellular propagation of the prion state.
To move between cells, prions must exit the cell, and multiple studies have documented release of tau and a-synuclein into the extracellular space (Chai et al., 2012; Danzer et al., 2011; de Calignon et al., 2012; Dujardin et al., 2014a Dujardin et al., , 2014b Emmanouilidou et al., 2010; Karch et al., 2012; Kim et al., 2013a Kim et al., , 2010 Lee et al., 2011 Lee et al., , 2005 Lee et al., , 2012 Liu et al., 2012; Mohamed et al., 2014; Plouffe et al., 2012; Pooler et al., 2013; Saman et al., 2012; Simó n et al., 2012; Yamada et al., 2011; . Several mechanisms have been suggested for the trans-cellular propagation of prions, including secretion of soluble protein (Chai et al., 2012; Karch et al., 2012; Santa-Maria et al., 2012) , exosomes (Fevrier et al., 2004; Saman et al., 2012) , ectosomes (Dujardin et al., 2014a) , neuronal activity (Pooler et al., 2013; Yamada et al., 2014) , and membrane rupture in cell death (Hesse et al., 2001; Palmio et al., 2009 ). Clearly, further work must determine conditions that favor one release mechanism over another and that play a role in trans-cellular propagation of aggregates in vivo. Finally, most published studies of extracellular pathogenic proteins have predominantly measured monomer. In the case of tau, monomer is unlikely to propagate pathology since it is not spontaneously internalized (Mirbaha et al., 2015) , and aggregates are responsible for transmission of pathology from cell to cell and region to region in the brain (Holmes and Diamond, 2012) . Direct sampling of the ISF in vivo (Yamada et al., 2011; to assess its seeding potential with sensitive aggregation biosensors (Holmes et al., 2014 ) might help resolve this issue. Ultimately, multiple factors-the composition of cognate monomer, neural connections, extracellular matrix, glymphatics, and the degradation machinery of the cell-will influence the propensity for aggregate propagation. Despite so many variables, the prion hypothesis provides a model against which to test each of these potential mechanisms.
Network Involvement in Trans-synaptic Spread of Pathology Studies of PrP prions first suggested a role for neural networks in pathogenesis, based on spread of pathology through the optic tract following intraocular inoculation (Fraser and Dickinson, 1985; Scott et al., 1992) . This anticipated a later observation that neurofibrillary tau pathology in AD progresses along brain networks and correlates with the level of cognitive impairment in patients Braak, 1991, 1995) . Early in AD, tau aggregate deposition occurs in the transentorhinal region, then within the hippocampus, and finally in more distant regions of the neocortex (Braak et al., 2006) . a-synuclein pathology also tracks along brain networks, beginning in the dorsal motor nuclei of the vagus and glossopharyngeal nerves before involving the substantia nigra and finally neocortical areas (Braak et al., 2003) . These cross-sectional pathological studies have highlighted the relationship of neuronal networks to pathogenesis and anticipated the prion hypothesis for non-infectious neurodegenerative diseases. More recent studies have found that other tauopathies, synucleinopathies, and potentially amyotrophic lateral sclerosis-frontotemporal dementia (ALS-FTD) spectrum diseases may follow a similar hierarchical accumulation of misfolded proteins (Arnold et al., 2013; Brettschneider et al., 2013; Polymenidou and Cleveland, 2011; Ravits et al., 2007a Ravits et al., , 2007b . These findings support the idea that toxic agents, e.g., prions, travel via neural networks to induce pathology.
Anatomical proximity of regions near the initial site of pathology may predict risk of involvement (Braak et al., 2006) . However, more recent studies based on mapping patterns of degeneration to connectivity networks indicate relative functional and anatomical network connection strength, rather than geographical proximity per se, best predicts regions that are most vulnerable (Raj et al., 2012; Zhou et al., 2012a) . Thus, the original site of pathology may determine the network involved and consequently the clinical presentation. As for PrP prion-containing homogenates (Fraser and Dickinson, 1985) , inoculation of recombinant, cell, or patient-derived tau fibrils induces endogenous tau pathology in transgenic mice, and this pathology appears to spread through brain networks (Ahmed et al., 2014; Clavaguera et al., 2009 Clavaguera et al., , 2013 Iba et al., 2013 Iba et al., , 2015 Peeraer et al., 2015; Sanders et al., 2014; Stancu et al., 2015) . Injection of recombinant tau fibrils into the hippocampus has produced entorhinal cortex pathology, whereas injection into striatum and cortex caused pathology in the substantia nigra and thalamus . Injection of aggregated a-synuclein into the brain of wild-type or transgenic mice that express forms of human a-synuclein has produced similar results (Luk et al., 2012a (Luk et al., , 2012b Masuda-Suzukake et al., 2014 Recasens et al., 2014; Tran et al., 2014; Watts et al., 2013; Woerman et al., 2015) . Inoculation studies into mice thus consistently demonstrate progressive accumulation of pathology along known anatomical networks.
These experiments support the prion model but rely on introduction of exogenous protein aggregates to initiate pathology. Consequently, apparent trans-neural propagation may actually represent the traffic of an inoculum along axons to distant regions, flow along axon tracts, or local uptake by synaptic terminals that belong to distant neuronal cell bodies. Indeed, after just a few hours, a-synuclein oligomers injected into the olfactory bulb spread to distantly connected regions, including the amygdala and striatum (Rey et al., 2013) . By contrast, recombinant tau fibrils injected into the hippocampus and cortex of tau transgenic mice reportedly remain at the injection site . Time, detection technique, and aggregate heterogeneity may influence the spread observed in these models. Since true transneuronal propagation in vivo itself remains conjecture, such models require rigorous validation, preferably by observation that endogenous prions spontaneously propagate aggregation through a network.
Others have attempted to model the trans-cellular propagation of tau and a-synuclein prions by overexpression of the proteins in specific regions of the nervous system. A substantial body of work suggests that these proteins can indeed move between cells in vivo. However, the role of aggregation (i.e., adoption of the prion state) in this phenomenon is unclear in many cases. Studies of tau protein began in lamprey models, in which plasmid-based expression was used to observe its movement across synapses (Kim et al., 2010) . Other groups used the neuropsin promoter to drive tet-regulated mutant human tau primarily in the entorhinal cortex (de Calignon et al., 2012; Liu et al., 2012) . These studies documented hyper-phosphorylated tau in regions such as CA1 and the dentate gyrus and support a model of transsynaptic propagation from the entorhinal cortex to the hippocampus by perforant pathway connections (de Calignon et al., 2012; Liu et al., 2012) . However, while in situ analysis suggested this mouse model only expresses the transgene in the entorhinal cortex (de Calignon et al., 2012) , analysis by qPCR of lasercaptured dentate gyrus granule cells detected human tau mRNA (Liu et al., 2012) . Further, recent work based on tetinduced LacZ expression now indicates that over time the neuropsin promoter activates gene expression fairly widely, including the hippocampus (Yetman et al., 2015) . This casts some doubt on the use of this model to definitively test for trans-synaptic propagation. Nonetheless, crosses using tet-regulated GFP did not show the same spatial and temporal progression as was observed for tau (Polydoro et al., 2013) , suggesting that protein movement itself, and not promoter activity, is the primary cause of the observations. Viral inoculation models also support the idea that tau and a-synuclein traffic across synapses. Wild-type tau expressed in rat CA1 hippocampal region via lentivirus spread to distant sites after 8 months, while GFP expression remained restricted, with none in distant cell bodies (Dujardin et al., 2014b) . Furthermore, human tau RNA was only detectable around the injection site and not at more distant regions that exhibited human tau protein accumulation, further supporting the hypothesis that tau protein can move between neurons (Dujardin et al., 2014b) . Expression of a-synuclein in the rat vagus nerve via adeno-associated virus caused progressive a-synuclein pathology that moved rostrally to connected regions in the pons, midbrain, and forebrain, whereas a control (GFP expression) remained restricted to the medulla (Ulusoy et al., 2013) . These virus-based approaches may represent versatile tools for non-transgenic animal models of trans-cellular propagation, especially given detailed axonal projection maps developed for the mouse brain (Oh et al., 2014) . However, further work will be required to determine which of these diverse models accurately represent the trans-cellular propagation of fibrillar prion assemblies.
Human studies using resting-state functional connectivity MRI (fcMRI) also support a network-based propagation mechanism. fcMRI measures correlations in the blood-oxygen level-dependent (BOLD) signal across brain regions. Synchronous BOLD activity often represents known anatomical networks or areas that commonly co-activate during a task Seeley et al., 2007; Vincent et al., 2007) . Progressive atrophy observed in different tauopathies has been mapped onto known functional connectivity networks as defined in healthy controls (Seeley et al., 2009 ). This correlation of atrophy patterns with preexisting neural networks supports the model of trans-synaptic propagation. Further studies have found that connectivity to disease ''epicenters'' (i.e., sites with the most severe atrophy) predicted patterns of progressive atrophy based on the strongest functional path. This had the highest effect on variance, even controlling for absolute distance (Zhou et al., 2012a) . Thus, the stronger the network connection between brain regions, the tighter the correlation with pathology. In related work, a network diffusion-based model was used to test whether particle movement could underlie the atrophy patterns in AD and behavioral variant frontotemporal dementia (bvFTD). Whole-brain tractography of diffusion MRI scans from healthy patients was used to model neural connections. This closely matched the atrophy patterns that arise in AD and bvFTD (Raj et al., 2012) , consistent with the idea that a toxic factor (e.g., a prion) diffuses along fibers and induces neuropathology within functional networks.
Strains: Amyloid Structures that Define Pathology
The observation of disease ''strains,'' defined by different incubation times, patterns of neuropathology, and behavior phenotypes, was one of the most perplexing aspects of TSEs and hindered acceptance of the ''protein-only'' prion hypothesis. In experimental systems of serial inoculation, strain-specific phenotypes have been passaged through multiple generations of mice, even over decades (Bruce, 1993; Collinge and Clarke, 2007; Dickinson and Meikle, 1969; Fraser and Dickinson, 1973) . One explanation for this observation had been that different PrP prion agents contained their own self-replicating genomes and were merely acting as very unconventional viruses. Extensive searching, however, failed to find a nucleic acid that governed strain phenomena (Safar et al., 2005) . Two pioneering studies instead suggested that strain variation derives from PrP amyloid conformers with distinct protease-resistant core regions (Bessen and Marsh, 1994; Telling et al., 1996) . More extensive characterization of a panel of hamster PrP prion strains (Safar et al., 1998 ) solidified this hypothesis, and different PrP strains probably cause distinct human prion diseases (Collinge et al., 1996) .
The precise mechanisms by which distinct amyloid structures produce different diseases, however, are unclear. The study of yeast prions has provided important clues to the relationship between amyloid structure and biological phenotype. Yeast prions switch between monomeric and aggregated forms, in which the latter is inherited by daughter cells as a stable epigenetic phenotype ( 
. Prion Replication Mechanisms and Network Involvement Link Strains to Biological Phenotype
The various steps in replication of a prion provide an explanation for how strains might exhibit different rates of progression, types of neuropathology, and involvement of specific networks. (A) Biophysical and biochemical parameters govern strain replication efficiency. A single protein monomer can adopt multiple potential amyloid configurations, illustrated by squares versus triangles. Strain-specific fibril stability and the interaction with chaperone/replication machinery may determine the fragmentation rate and production of seeds. This likely determines the rate of spread and disease progression, with strong strains featuring more rapid phenotypes. (B) A strain must propagate pathology by entering a neuron and initiating seeding and subsequent replication of a particular structure. The newly formed aggregates will accumulate in certain regions of the cell, possibly through interaction with specific factors, and may be differentially transported in axons. Finally, strains may have differential rates of release and/or toxicity at the cell membrane/synapse that governs transfer to other cells. Each of these steps may be influenced by strain conformation. (C) Unique strains may target different cell types and neural networks to cause syndromic variation. Aggregate conformers (square versus triangle) may target one cell type more readily than another. This could be based on parameters discussed above: cell entry, replication, and trans-cellular propagation rates. Distinct neuronal networks might thus be vulnerable to particular strains. 1996; Wickner, 1994) . Sup35 is particularly well studied: aggregation blocks its activity as a transcription termination factor and is generally detrimental to the organism (McGlinchey et al., 2011) but may be advantageous in certain environmental situations (Halfmann et al., 2012; Holmes et al., 2013b; True and Lindquist, 2000; True et al., 2004) . Like PrP, Sup35 prions form strains with distinct strengths, or degrees of aggregation (Tanaka et al., 2004) . A strong yeast prion strain is analogous to a mammalian PrP prion strain with a short incubation period (Figure 2A) . Two studies determined the physical and structural basis for these phenomena in several Sup35 prion strains. A combination of growth rate and amyloid fibril fragility defined the strength of the strain (Tanaka et al., 2006) . Hydrogen-deuterium exchange indicated that strong strains amplify more readily because they contain a smaller amyloidforming core that fragments more readily to produce additional seeds (Toyama et al., 2007) . These studies suggested that biophysical parameters could account for most of the variance in strain strength. Consistent with these studies, the stability of multiple PrP prion strains in denaturant (GdHCl) strongly correlated with incubation time upon inoculation into transgenic PrP mice (Legname et al., 2006) , suggesting that more fragile amyloid conformers produced shorter incubation periods (i.e., were stronger strains). While studies of sporadic Creutzfeldt-Jakob disease (sCJD) PrP strains initially seemed to support this idea , recent analysis of two versions of sCJD has suggested this is not the defining determinant of PrP prion pathogenicity, as more fragile fibrils cause longer disease duration in certain cases (Safar et al., 2015) . Furthermore, the degree of interaction with chaperone protein clients, not just conformational stability, also determines the strength of certain Sup35 prion strains True, 2014a, 2014b) . Taken together, biophysical characteristics of the amyloid alone cannot explain the strength of a prion strain. Further structural examination of diverse prion strains as well as interrogation of their binding partners will help define how unique amyloid conformers produce distinct biological responses and disease phenotypes.
Like prionopathies, common neurodegenerative diseases such as tauopathies and synucleinopathies exhibit great phenotypic diversity (Halliday et al., 2011; Lee et al., 2001) . AD, corticobasal degeneration, progressive supranuclear palsy, Pick's disease, and argyrophilic grain disease, among other tauopathies, have distinct clinical and neuropathological presentations (Lee et al., 2001) . It is tempting to speculate that distinct tau prion strains could cause these syndromes. Similar to PrP, amyloid beta (Petkova et al., 2005) , tau (Frost et al., 2009b) , and a-synuclein Guo et al., 2013) form discrete conformers in vitro. Further, amyloid beta extracts from different mouse models induce unique amyloid deposition patterns upon in vivo inoculation, depending on the transgenic animal source of the protein seeds and the transgenic mouse host (Meyer-Luehmann et al., 2006) . Likewise, inoculation of susceptible mice with brain extracts from different tauopathies has produced unique patterns of tau deposition, consistent with strains (Boluda et al., 2015; Clavaguera et al., 2013) . Inoculation of mice with different preparations of a-synuclein fibrils has also produced variable degrees of pathology Peelaerts et al., 2015) .
However, to have clinical, pathological, or diagnostic significance, prion strains must faithfully replicate in vivo, producing predictable pathology upon serial inoculation. Multiple PrP strains have now been rigorously characterized and can be maintained in constant passaging paradigms over decades (Bruce, 1993; Collinge and Clarke, 2007) . This high fidelity of information transfer probably accounts for distinct syndromes that progress over years in humans. In human-derived amyloid beta samples, amplification of unique structures from different patients supports the idea that specific conformers predominate and stably propagate in individuals (Lu et al., 2013) , although a causal link to distinct syndromes has not been established. Further, brain regions from a single patient contained a similar fibrillar amyloid conformation, consistent with the idea that a single conformation arises in one part of the brain and then spreads throughout the nervous system (Lu et al., 2013) . Moreover, passage of amyloid beta in vivo has appeared to involve maintenance of unique structures, based on analysis with conformerdependent amyloid dyes (Heilbronner et al., 2013) .
A more thorough test of this idea would be to create unique amyloid conformers, replicate them in a biological system, and confirm preservation of their structure following passage in vivo. In cell culture, two tau prion strains have been defined based on their unique inclusion morphologies, biochemical characteristics, and ability to corrupt native monomer (Sanders et al., 2014) . Distinct tau prion strains passed stably from mother to daughter cells over months of culture and produced unique pathologies in transgenic mice that propagated serially through multiple generations of animals, identical to PrP strains. More importantly, after three generations of passage in vivo, the conformations were unchanged when introduced back into the original reporter cells. These experiments indicated that, like PrP, tau prions have essential strain characteristics and raised the question of whether human tauopathies might also be associated with distinct strains. Inoculation of brain lysate from five different tauopathy syndromes generated disease-associated tau prion strain patterns in a cell model (Sanders et al., 2014) . These observations were consistent with prior studies based on brain homogenate inoculations into mice (Boluda et al., 2015; Clavaguera et al., 2013) and additional work based on biochemical analysis of aggregates from patient brain (Taniguchi-Watanabe et al., 2016) . Furthermore, some patients appear to be afflicted by multiple tau prion strains (Sanders et al., 2014) , reminiscent of previous findings regarding PrP prion strains isolated from single patients with CJD (Polymenidou et al., 2005; Puoti et al., 1999) .
Isolation and characterization of tau strains suggest that tau (and by extension other amyloid proteins) has diverse amyloid structures that propagate with high fidelity. The existence of tau prion strains may explain the myriad tauopathies but must be tested further with improved diagnostic assays. Finally, mechanisms that target particular prion strains to unique areas of the cell (to create characteristic inclusion morphologies), to different cell types, and to discrete neuronal networks will require further elucidation (Figures 2B and 2C ).
Prion-like Assemblies in Signaling Cascades
Most, if not all, human disease results from normal physiology gone awry, and thus it is intriguing to speculate that formation and self-amplification of specific prion assemblies may encipher useful information. Recent work has suggested that this may be the case for certain signaling mechanisms Wu, 2013) . The catastrophic assembly of monomer into a fibril creates an ''all or none'' signaling mechanism, a binary switch for diverse innate immunity and cell death pathways (Wu, 2013) . Signalosomes consist of higher-order, micron-sized fibrillar protein assemblies that link persistent upstream danger signals with irreversible downstream enzyme-driven cellular responses (Wu, 2013) (Figure 3A) . Nucleation-dependent polymerization drives association of adaptor proteins and enzymes that would not otherwise form active complexes. The switch to an aggregated state thus triggers activation of cell death pathways and downstream signaling responses . Three examples have especially informed our understanding of functional protein aggregates in signaling: MAVS filaments, which detect viral nucleic acids to drive interferon production and the innate immune response Hou et al., 2011) ; ASC inflammasomes, which direct cytokine production Lu et al., 2014) ; and necrosomes, which mediate programmed nonapoptotic cell death or necroptosis .
MAVS exhibits catastrophic self-assembly when activated by the RNA helicase RIG-1, which is itself driven by binding to viral RNA (Hou et al., 2011) . RIG-1 activates MAVS on the surface of mitochondria, directing interferon production and an antiviral response (Seth et al., 2005) . Viral nucleic acid causes MAVS to switch from an inactive monomer to an active self-amplifying polymer (Hou et al., 2011) . However, it is unclear that MAVS is a true prion, as it is a three-stranded helical filament, lacks amyloid structure, and doesn't undergo a major change in secondary structure upon assembly . Nonetheless, the Q/Nrich prion domain of Sup35, which mediates amyloid formation, functionally substitutes for the non-amyloid CARD domain of MAVS, suggesting that formation of a higher-order polymer alone drives a prion-like switch .
Other innate immunity proteins with death domains form higher-order helical assemblies that behave similarly to prions. Inflammasome sensor proteins with pyrin domains seed the polymerization of the pyrin domain of an adaptor protein, ASC, which drives caspase-1 polymerization, inflammasome activation, and cytokine production (Lu et al., 2014) . Like the MAVS CARD domain, the ASC pyrin domain also acts like a prion in yeast . Remarkably, ASC inflammasomes propagate their signal from cell to cell in vivo, as they are internalized to seed the polymerization of native ASC to communicate an immune response (Baroja-Mazo et al., 2014; Franklin et al., 2014) . Thus, proteins in innate immunity may amplify a response within and between cells similar to those in neurodegenerative diseases, although the assemblies that form do not have amyloid structure.
Unlike MAVS and ASC polymers, the core constituents of necrosomes form true amyloids . Upon induction of necroptosis in cells, the RIP1 and RIP3 kinases co-polymerize in thioflavin-positive assemblies that increase their respective enzymatic activities. Mutations in RIP1 and RIP3 that abolish amyloid formation also abrogate necrosome formation and downstream necroptosis . Bioinformatics studies have suggested that RIP homotypic interaction motifs are homologous to polymerization motifs from HET-S (Kajava et al., 2014) , a well-characterized fungal prion that mediates heterokaryon incompatibility-induced cell death (Coustou et al., 1997) . Thus, these various all-or-none prion-like switches have been conserved from yeast to vertebrates. While it is clear that some assemblies can provide epigenetic inheritance from mother to daughter cells in yeast , the spectrum of prion-based signaling systems and the degree to which aggregates in metazoans stably maintain or transfer information require elucidation.
Liquid-Liquid Phase Separation in Membraneless Organelles
Like signalosomes, diverse micron-scale ribonucleoprotein (RNP) bodies concentrate biochemical reactions into membraneless, proteinaceous organelles within the cell ( Figure 3B ). RNP granules include, but are not limited to stress granules, processing bodies, splicing speckles, paraspeckles, and nucleoli (Kedersha et al., 2013; Sleeman and Trinkle-Mulcahy, 2014) . These higher-order assemblies of protein and RNA perform specialized functions, but all undergo liquid-liquid phase separation (LLPS) to form condensed, spherical droplets whose assembly and size are controlled by physical constraints such as protein and solute concentrations, heterotypic interactions with other RNA-binding proteins, cell size, and post-translational modifications (Brangwynne, 2013; Hyman et al., 2014) . Unlike pathogenic fibrillar inclusions, these droplets are only slightly denser than their milieu, rapidly exchange substrates with surrounding cytoplasm or nucleoplasm, and do not appear to (B) Proteins with low-complexity sequences (LCS) undergo liquid-liquid phase separation to form large, dynamic, membraneless organelles as part of RNA metabolism. Cell signals regulate their assembly and disassembly, which is based on self-association of the LCS to create a high concentration of the functional domain. In ALS and potentially other diseases, these liquid complexes may undergo an aberrant transition to a solid (i.e., fibrillar) form that becomes a self-propagating prion. Similar to other prions (e.g., PrP, tau), a cellular amyloid replication machinery may fragment these structures to produce additional seeds that spread between cells to drive progressive pathology.
undergo a conformational change to a self-propagating form or prion. Their dynamic properties concentrate reactions into membraneless compartments to spatially regulate nucleic acid biology (Brangwynne, 2013; Kedersha et al., 2013) . Absence of a membrane may allow rapid assembly and disassembly depending upon environmental conditions, essential to regulated transfer of information within the cell (Kedersha et al., 2013) .
Many of the core protein constituents of RNP granules contain vast, low-complexity sequences in disordered regions linked to modules that bind RNA and DNA (Han et al., 2012; Kato et al., 2012) . The disordered regions are prone to self-interaction and drive the assembly of the higher-order, liquid-like complexes (Brangwynne et al., 2009; Elbaum-Garfinkle et al., 2015; Nott et al., 2015) . These low-complexity sequences are similar to Q/ N-rich prion domains in yeast, which also mediate formation of higher-order assemblies (Alberti et al., 2009) . Upon self-assembly, likely via tunable electrostatic interactions Nott et al., 2015) , they form the structural constituents of granules and recruit other proteins with similar domains via heterotypic interactions (Kato et al., 2012; Lin et al., 2015) . How proteins with similar domains are targeted to distinct membraneless compartments requires elucidation.
Several papers have demonstrated that higher-order assemblies of a specific RNA-binding protein, CPEB, may govern the maintenance of memory, possibly by converting to a self-propagating prion form that recalls synaptic activation Majumdar et al., 2012; Si et al., 2010 Si et al., , 2003a Si et al., , 2003b Stephan et al., 2015) . Aplysia CPEB (Si et al., 2003b) and mammalian CPEB3 have Q-rich low-complexity domains that act like prions when overexpressed in budding yeast. Moreover, CPEB forms higher-order, SDS-resistant assemblies in Aplysia (Si et al., 2010) , Drosophila (Majumdar et al., 2012) , and mice during memory formation. A single point mutation that blocks self-assembly is sufficient to disrupt long-term memory maintenance in Drosophila (Majumdar et al., 2012) . Nevertheless, the biophysical characteristics of the native protein assemblies in vivo are unclear. As these are RNA-binding proteins with low-complexity sequences, it is possible that the higher-order structures that they form represent a maturation of phase-separated droplets to self-propagating amyloids. If so, other RNA-binding proteins that undergo LLPS and play a role in synapse maintenance and memory could form similar complexes.
Liquid-to-Solid Phase Transitions in Disease Pathogenesis
Numerous studies now link RNP granule dysfunction to ALS-FTD spectrum diseases associated with amyloid formation. These may result in part from impairment of information-transfer mechanisms such as mRNA maturation, RNA transport, and auto-inhibition of translation (Ramaswami et al., 2013) . Mutations in over a dozen RNA-and DNA-binding proteins cause familial ALS and other less-common motor neuron diseases (King et al., 2012; Li et al., 2013) . Genetic analyses coupled with bioinformatics approaches to evaluate candidate RNA-binding proteins that share prion-like properties with TDP-43 and FUS in model organisms have identified additional RNA-binding proteins that, when mutated, cause ALS-FTD (Couthouis et al., 2012 (Couthouis et al., , 2011 Kim et al., 2013b) . In contrast to their normal regulated assembly and disassembly, in pathological conditions these proteins undergo catastrophic aggregation to sequester soluble monomeric protein from the nucleus into large, stable cytoplasmic inclusions. Numerous studies indicate that pathogenic mutations in these proteins enhance their ability to form self-propagating pathogenic amyloids or amyloid-like structures (reviewed by Li et al., 2013) and disrupt trafficking and regulation of mRNP granules (Alami et al., 2014; Liu-Yesucevitz et al., 2014) .
The precise cellular subcompartments that mediate initial amyloid formation within cells are unknown and could vary for different proteins. Such compartments would require relatively high local concentration of protein to enable the formation of self-propagating prions. For example, pathogenic mutations that cause ALS-FTD can promote a phase transition from a liquid to a solid form (Molliex et al., 2015; Murakami et al., 2015; Patel et al., 2015) . High local concentrations of these proteins, such as occur in LLPS, especially when combined with a pathogenic mutation that enhances self-assembly or beta-sheet structure, prime these proteins to undergo a nucleation event. It should be noted, however, that wild-type versions of diverse LCS proteins, not just those associated with disease, will form fibrils that nucleate out of droplets after sufficient time Zhang et al., 2015) . In fact, at high concentrations and low temperatures, many LCS proteins will form amyloid-like fibrils (Han et al., 2012; Kato et al., 2012; Kwon et al., 2013 Kwon et al., , 2014 . Thus, whether fibrils play a normal physiological role in maintenance of these RNP bodies or are purely pathological is unknown. Regardless, it is likely that fibrils can form within the cell during LLPS and must be cleared to prevent the formation of larger pathogenic aggregates that disrupt normal function of the associated proteins. Thus, study of proteins that undergo phase transitions will no doubt inform regulation and physiology of normal and abnormal protein assemblies. For example, VCP, which is associated with both ALS and multisystem proteinopathy (Johnson et al., 2010; Watts et al., 2004) , is critical to both RNP granule disassembly and pathological aggregate clearance (Buchan et al., 2013; Ju et al., 2009; Meyer and Weihl, 2014) . Moreover, RNA helicases such as Ddx6 may be critical to maintaining fluidity of these compartments, preventing the formation of pathological solids (Hubstenberger et al., 2015 (Hubstenberger et al., , 2013 .
Together, these studies suggest that many ALS-FTD-associated proteins exist in a dynamic biophysical state in which they can transition between function (liquid) and dysfunction (solid) due to rapid and physiological self-association and dissociation. More generally, a tendency for proteins to undergo transient selfassociation could initiate the formation of diverse self-propagating prions ( Figure 3B ). Further work will be required to determine why certain proteins that undergo LLPS form selfpropagating prions that ultimately lead to disease, whereas others do not.
Perspectives and Future Directions
Multiple diseases are now linked to the formation of prions comprised of proteins such as PrP, tau, and a-synuclein. Each of these proteins, and likely many others, can form higher-order assemblies that act as templates within a cell to corrupt native cognate protein and recruit it to a growing amyloid fibril. According to the model of PrP prion propagation, these assemblies extend protein aggregation pathology throughout the nervous system via pre-existing neural networks. It is unknown whether distinct prion assembly structures, or strains, have a predilection for particular networks and can thus account for distinct clinical syndromes. However, there is now evidence for a variety of strains within individual tauopathy syndromes, much as PrP prion disorders have been linked to similar constellations of strains. We predict that strains could represent novel ways to transmit information, whereby multiple assemblies of a single protein are used to maintain and communicate distinct (and possibly subtle) signaling outcomes, not just all-or-none responses.
While a biological role for prion strains in normal physiology remains conjecture, self-propagating protein aggregation is now fairly well established in several experimental systems, with or without formation of beta-sheet amyloid structures. Yeast prions clearly represent a well-characterized mode of epigenetic inheritance. In metazoans, the study of prion-like phenomena in signaling is nascent and has mainly been linked to cell death pathways and regulation of RNA metabolism at synapses in conjunction with learning and memory. Moreover, it is becoming increasingly clear that proteins that undergo liquid-liquid phase separation to form dynamic ribonucleoprotein bodies as part of normal physiology are especially prone to forming fibrillar amyloids. An integrated ''unification theory'' that describes both amyloid-associated neurodegenerative diseases and the role of amyloids, non-amyloid fibrils, and other higher-order assemblies in normal biology will help guide research. This could bring together fields that span infectious prion diseases, sporadic non-infectious amyloid diseases, and functional higher-order assemblies in mammalian systems.
We anticipate that transient assemblies of proteins facilitate the formation of amyloids due to their high concentration. These might cause progressive disease by feeding into existing machinery that enables inappropriate replication and propagation along brain networks or by mediating local cell-to-cell transfer of pathology in other tissues. The underlying biophysical events are likely to be similar for different amyloid proteins, but with protein-specific players, and distinct cellular subcompartments. We speculate that common mechanisms will regulate the assembly and disassembly of functional and pathological assemblies alike. Thus, an integrated study of protein aggregation has the chance to create both a comprehensive understanding of disease mechanisms and an elucidation of new modes of signal transduction.
